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Gravitational wave sources

What next?

Electromagnetic and particle counterparts

Signatures from mbh/smbh binaries

Signatures from stellar compact object binaries  

Signatures from single stellar collapse — r-process in collapsar jets

 Signatures from extreme mass ratio inspirals 

Signatures from bbh in accretion disks



Neutrinos

Kamiokande

Photons Multi-messenger astronomy

Gravitational waves
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Gravitational wave sources



GW Detector Sensitivity



Compact object mergers

Sarin & Lasky 2021

Mark Garlick

Carl Knox

ESA

Isca Maya, Sara Panica

SciAm

Double neutron star

Neutron star-Black hole

Neutron star-white dwarf

White dwarf-Black hole

Double black hole

Short gamma-ray burst

Long gamma-ray burst

Low lum. gamma-ray burst

Peculiar transient



Long gamma-ray burst
Short gamma-ray burst

Aaron M. Geller, Northwestern/
CIERA/IT Research

Massive star collapse

Supernova

Abdikamalov et al 2020

Kilonova from 
R-process in grb jets!



Afterglow

Inset image credit: NASA

emission powered by  
radioactive decay. 

Prompt gamma-
ray burst

Neutrinos & cosmic rays??

uhe gamma-rays

non-spherical 
mass distribution

Reverse Shock
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Kilonovae



Courtesy of Jonas Lippuner



Kilonovae associated with short grbs - grb170817
Double neutron star merger origin

Kilonova light curves (models 
at different viewing angles) 

Troja et al 2017

Kilonova spectra at different 
times (data in black) 

Pian et al 2017



Kilonovae and r-process in double neutron star mergers

Rosswog et al 2017
Drout et al. 

 2017



Kilonovae associated with long grbs - grb230307a

Levan et al 2023

Levan et al 2023

Clear emission feature seen at ~2.14 microns at both 29 
and 61 days, consistent with TeIII. Redder features 

compatible with lines from Se III and W III



Kilonovae associated with long grbs - grb211211a

Levan et al 2023

Rastinejad et al 2022



R-process in collapsar jets!

Double neutron star mergers 
as r-process sites:

• struggle to explain the abundances of very metal poor 
stars in the milky way (e.g. c. kobayashi et al 2023)

• not easy to make a long grb (grb230327, grb211211a)



Mumpower, Lee, L-R. et al. 2025

Neutrons from hadronic photo production in collapsar jets



rn = np ∫ Φ(Eγ)σγp(Eγ)dEγ

ANL-Osaka Photohadronic Cross Section

T(t) = To(ρ(t)/ρo)γ−1

ρhead = ϵρenv

Ye =
Yp

Yn + Yp
=

1
ϵ(mp/me) + 1

ρ(t) = ρo(1 + t/τ1 + (t/τ2)ξ)−1

ρenv(r) = ρo(r/Rg)−δ(1 − r/R*)3

Model jet-cocoon-
envelope region

Mumpower, Lee, 
Lloyd-Ronning. et 

al. 2025



Mumpower, Lee, L-R. et al. 2025

r-process at jet head in a collapsar!

Sim A: 
Light r-
process 

Sim B: 
Robust r-
process 

Sim C: 
i-process



grb 230307a

Courtesy Marko Ristic, Oleg Korobkin



grb 211211a

Courtesy Marko Ristic, Oleg Korobkin



Ultra high energy gamma-rays in grbs

LHAASO collaboration 
GRB 221009A

What?
Time of onset is key

How?Where?



Binary Black Hole mergers in AGN Disks
Tagawa et al. 2023

Breakout emission from a solitary black hole 
embedded in an AGN disk - produced 

episodically after replenishment of gas to the 
black hole (see Tagawa et al. 2022)

Breakout emission from a merger remnant spin 
reoriented after merger, and the jet again 

collides with unchecked AGN gas, producing 
emission after the merger.



Spectra of bbh mergers in agn disks

Meanwhile, timescale and lightcurves depends on many things…

Tagawa et al. 2023



Bbh mergers in agn disks: grb 19019a

Long GRB (T90 ~ 65s) located < 100pc to nucleus 
of old (>1Gyr) galaxy, no star formation, z=0.248. 

GRB luminosity more consistent with sGRB. 
(Levan et al. 2023)

Fit well by external shock/
reverse shock scenario: 

BBH merger in very dense 
medium e.g. AGN disk. 

(Lazzati et al. 2023)



GW Detector Sensitivity



Extreme mass ratio inspirals and frbs

Cosmic Comb; Zhang 2017
Ram pressure of stream > magnetic pressure of 
magnetosphere. Field modified, large energy 

release on short timescales — FRB! 

Katz et al. 2021



EMRI-FRBs: 
Cosmic comb 

 and gw signal

Li et al 2023



EMRI-FRBs: Cosmic comb and EM signal

FRB 20190520B; Niu et al. 2022

This model can accommodate repeaters



Binary white dwarf mergers

Shen 2015

Amaro-Seoane et al. 2017

Many potential EM counterparts 
depending on mass ratio, tides, 

mass transfer, etc



Imbh/mbh binaries

Surface density around equal mass 
 BBH over timescale of 

~ 1 week (from Tang et al 2018 
reproduced in Bogdanavić et al 2022)

MBH = 106M⊙

Amaro-Seoane et al. 2017



Em signals from mbh binaries

Poynting Luminosity in near vacuum 
for merger with 

; Merger at t=0 
MBH = 108M⊙,

B = 104G

Poynting Luminosity for merger in radiatively 
inefficient magnetized gas, ; 1t 

= 0.14hr; 1L= 
ρ = 10−13gcm−3

1044ergs−1



Evolution of iron K-alpha profile for equal mass 
binary, different orbital phases. Two slowly 

spinning BH with separation a=2000M, e=0.75.

Spectrum from non-spinning 
 BBH, 2nd orbit, initial 

separation of 20 M, accretion at half 
Eddington, view is face on

MBH = 106M⊙

Em signals from  
imbh/mbh binaries

d’Ascoli et al. 2018

Jovanović et al. 2014



GW Detector Sensitivity



SMBH binary spectra at different 
orbital periods (solid line);  

Tanaka et al. 2012
Optical and UV light curve, period ~ 1884 
days, ; Graham et al. 2015MBH ∼ 109M⊙

Em signals from smbh binaries
PG1302-102



Next era of gw observatories opens the window 
to our universe much wider

Novel mechanisms for r-process heavy element 
production, new mechanisms for frbs, …

Understanding em counterparts to the gw 
emission is necessary to unravelling the physics 
of our universe



Thank you!



To = 2x109K

ξ = 2

ϵ = 2

ρo = 3.2x104g/cm3

τ1 = τ2 = 3.5x102s

Ye = 0.334

r = 109cm

Sim A: 
Light r-process

ϵ = 28.3

ρo = 8.9x105g/cm3

Ye = 0.034

To = 0.1x109K

r = 5.3x1011cm
ξ = 3.5

ρo = 6.5x103g/cm3

ϵ = 282.2

Ye = 0.0035

Sim B: 
Robust r-process

Sim C: 
i-process

τ1 = τ2 = 3.5x102s τ1 = τ2 = 3.5x102s
r = 109cm
ξ = 2

To = 2x109K

Mumpower, Lee, L-R. et al. 2024



contribution from white dwarf-black hole mergers
L-R et al., 2024





Mumpower, Lee, L-R. et al. 2024

Neutrons from hadronic photo production in collapsar jets


